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INTRODUCTION
In the optical domain, canopy structure plays a significant role in the canopy radiation budget and consequently optical
data applications. For example, studies show to reliably estimate canopy chemistry from optical data, the canopy
structure and canopy chemistry should be disentangled [1]. 
Canopy spectral invariants theory (AKA p-theory) [2] was suggested as an alternative approach to 3D radiative transfer
(RT) modeling of the canopy radiation budget. However, there are challenges associated with this theory in the optical
domain. 
The overarching goal of this research is to link p-theory to structural information retrieved from lidar in order to improve
modeling vegetation canopy. The main questions are:
How can we estimate p-theory variables from lidar? 
What does lidar-optical data fusion through p-theory tell us about biochemical estimation from optical data?
Can we improve leaf area index (LAI) and sunlit LAI (SLAI) estimates from optical data using this data fusion approach?
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THEORY
The canopy spectral invariants theory suggests that the canopy bidirectional reflectance factor  can be formulated
as: 
where is leaf albedo. The  is the directional gap density which is the probability that scattered photons scape canopy
toward a given direction (e.g. sensor). The probability of scattered photons by vegetation parts to recollide with another part of
the vegetation is called recollision probability . 
Knyazikhin et.al 2013, [1] showed that the p-theory variables can be combined into one variable, a direction area scattering
factor (DASF): 
where  represent the mean number of interactions that a photon experiences before scaping the canopy, assuming
leaves are non-absorbing materials. 
Using DASF one can disentangle the contribution of canopy structure and canopy chemistry to the total canopy BRF or 
 where  is canopy scattering which mimics the shape and magnitude of typical leaf albedo and
is a function of canopy chemistry. 
Estimating DASF using optical information required narrowband information and the assumption that soil has no contribution to
the total BRF which is unrealistic in many open-canopy ecosystems.
The main goal of this study is to estimate this variable and its components (e.g. recollision probability) using information
retrieved from lidar. 
BRFV (λ, Ω)









BRFV (λ) = DASF . Wλ Wλ
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EXPERIMENTAL SETUP
We will develop lidar - p-theory relationship using RAdiation transfer Model Intercomparession, phase four (RAMI_IV) virtual
scene datasets, and also real needle-leaf and broadleaf canopy stands (Figure1). We will test the developed relationships using
lidar (terrestrial and airborne) and hyperspectral data collected mostly in drylands of Idaho, US.  
Figure1. The canopy stands for indoor experiment, Jean's Dilly (left) and Heckenstar (right).
The measurement of canopy multiple scattering is based on the approach developed by Wang et.al, 2015 [3]. Concurrent to
optical measurements, TLS data will be collected using a Riegl VZ-1000 instrument. The canopy LAI, gap fraction, clumping
factor and foliage mean angle will be measured using an LAI-2200C Plant Canopy Analyzer.
We will explore the estimation of p-theory variables using spaceborne lidar (GEDI) to confirm the scalability of the developed
relationships. Our team developed a framework to process the full-waveform GEDI spaceborne lidar [4]. Due to the large
footprints of GEDI, we consider 10 km pixel sizes which is consistent with DSCOVR optical sensor which is the only
spaceborne sensor providing DASF.
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PRELIMINARY RESULTS
Our first experiment includes a simple setup to measure the total BRF of a canopy (basil) under the black soil condition (Figure
2). The goal of this experiment was to test to what extend the canopy structure contributes to the hyperspectral signature (BRF)
of the canopy. We assumed the contribution of soil (black surface) to the BRF is negligible. To simulate the BRF using p-theory
we need to know the leaf albedo (theory section). In this experiment instead of using the real leaf albedo, we used a reference
albedo using the PROSPECT model with the following parameters: chlorophyll content of 16 µg cm , equivalent water thickness
of 0.005 cm , and dry matter content of 0.002 g·cm . This reference albedo has been used for a variety of species. We then
approximated DASF using the method proposed by [1] and simulated the BRF using Eq 3. 
Figure 2. A test case of a plant with black soil. 
Figure 3 shows the measured canopy BRF vs. simulated BRF. It can be seen that there is good agreement between the simulated
and measured BRF. Considering that we used a reference leaf albedo instead of a real leaf albedo, the good agreement between
simulated and measured spectrum points to the significant contribution of canopy structure to the total BRF. This strong
influence suggests establishing a link between p-theory and lidar provides a robust approach for optical-lidar data fusion.  
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Figure 3. Simulated vs measured basil BRF using p-theory.
Next step:
Our next goal is to incorporate the RAMI dataset and use the librat ray-tracing model to simulate the p-theory variables and
associated lidar waveform. Then we will investigate the link between these variables and features extracted from lidar waveform.
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ABSTRACT
Canopy structure and chemistry are the dominant factors that determine the radiation budget of
vegetation. One approach to understand the role of canopy structure and disentangle it from
canopy chemistry is the canopy spectral invariants theory, or p-theory. Using p-theory, the
bidirectional reflectance factor (BRF) recorded by sensors can be simulated using a few
spectrally-invariant variables and leaf single scattering albedo. The p-theory is originally
developed for the optical domain and there are several challenges associated with it, such as the
assumption of black soil, its requirements for narrowband spectral information (e.g.
hyperspectral), and limitations in very dense forests. The main question of this study is can we
extend the concepts of p-theory to lidar to overcome these limitations? To answer this question,
we developed the theoretical framework in which variables associated with p-theory in the
optical domain can be estimated using lidar point clouds and full-waveform information. To
verify this framework, we conduct a series of experiments using the DART Monte Carlo ray-
tracing model and vegetation scenes with known canopy chemistry and structure such as those
offered in the Radiation Transfer Model Intercomparison (RAMI) project. Our preliminary
results show that there is a strong link between information provided by optical and lidar sensors
through p-theory. We show that information derived from lidar and some fixed, universal canopy
chemistry (i.e. dry matter, water, and chlorophyll content) are sufficient to simulate the optical
signature of a canopy with high accuracy. The results of this study advance our theoretical
understanding of light interaction with canopy elements and also have significant implications
for lidar-optical data fusion.
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